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(54) PLASTIC OPTICAL FIBER, OPTICAL FIBER CABLE, OPTICAL FIBER CABLE WITH PLUG, 
METHOD FOR PRODUCING METHYL METHACRYLATE BASED POLYMER AND METHOD 
FOR PRODUCING PLASTIC OPTICAL FIBER 

(57) This invention provides a process for manufacturing a methyl methacrylate polymer comprising the steps of 
feeding a monomer containing at least 80 wt% of methyl methacrylate and a radical polymerization initiator represented 
formula (III) to a reactor; polymerizing the material at a polymerization temperature of 1 10 to 160°C under the condi- 
tions satisfying particular equations between an initiator concentration and a polymerization temperature; feeding a 
reaction mixture taken out from the reactor to a devolatilization step (feeding step); and separating and removing vola- 
tiles from the reaction mixture (devolatilization step). A methyl methacrylate polymer having adequately good optical 
properties and a plastic optical fiber having improved transmission performance can be prepared according to this 
invention. 
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Description 



BACKGROUND OF THE INVENTION 



5 1. Field of the Invention 



[0001] This invention relates to a plastic optical fiber, an optical fiber cable and an optical fiber cable with a plug 
which have a reduced light-transmission loss; processes for manufacturing a methyl methacrylate polymer with 
improved optical properties; and processes for manufacturing a plastic optical fiber. 

10 

2. Description of the Prior Art 



[0002] A methyl methacrylate polymer may be prepared by a polymerization process such as suspension polymer- 
ization, solution polymerization and bulk polymerization; bulk polymerization and solution polymerization are advanta- 

15 geous for reducing light-scattering matters such as dusts and impurities in a polymer. In particular, bulk polymerization 
is most advantageous because solution polymerization requires removing not only un reacted monomers but also a sol- 
vent. JP-B 5-32722 has disclosed a process for manufacturing a plastic optical fiber comprising the steps of preparing 
a methyl methacrylate polymer with improved optical properties and containing a reduced amount of light-scattering 
matters such as dusts and impurities and light-absorbing matters such as peroxides and oligomers, and then forming a 

20 plastic optical fiber using the polymer as a core component. In the process, the polymer is prepared using a radical 
polymerization initiator represented by formula (I) (hereinafter, referred to as an "initiator I") such that there is a relation- 
ship between an initiator concentration and a polymerization temperature satisfying a particular condition. 



25 



30 



CH, 



CH, 



CHj 



CH, 
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(I) 



[0003] However, since the initiator I is used in the process of JP-B 5-32722, a polymer obtained has a terminal 
35 C5H-1-1 moiety different from a methyl methacrylate unit, which causes an uneven molecular structure and deteriorated 
optical properties in the polymer. When using this polymer for preparing an optical fiber, the optical fiber exhibits inad- 
equate transmission performance. Thus, there has not been provided a process for manufacturing a methyl methacr- 
ylate polymer with adequately improved optical properties, or for manufacturing a plastic optical fiber exhibiting 
satisfactory transmission performance. 

40 

SUMMARY OF THE INVENTION 

[0004] An objective of this invention is to provide processes for manufacturing a methyl methacrylate polymer hav- 
ing adequately improved optical properties and for manufacturing a plastic optical fiber exhibiting satisfactory transmis- 
45 sion performance. 

[0005] This invention provides a process for manufacturing a methacrylate (co)polymer comprising conducting 
polymerization while feeding a monomer (mixture) containing at least 90 wt% in total of at least one methacrylate mon- 
omer and a radical polymerization initiator represented by formula (II) into a reactor, where an initiator concentration 
and a polymerization temperature satisfy a relationship represented by equations (1) to (4) and the polymerization tem- 
50 perature is not less than 1 1 0°C and not more than 1 60 °C; 



In (A) a 105.4 - 451 26/B 


(1) 


ln(A)s2545.2/B-15.82 


(2) 


In (A) £ 225.9 • 1 021 68.8/B 


(3) 


In (A) a 1 300.0/B - 1 5.74 


(4) 
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wherein A is an initiator concentration (a molar ratio of the initiator /the monomer); B is a polymerization temper- 
ature (°K); and In is a symbol for a natural logarithm; 

CH a CH a 



10 



CH,-C-N=N-C-CH, (TT\ 

l • i 

COOR COOR 



75 wherein R is alkyl or fluoroalkyl. 

[0006] This invention also provides a process for manufacturing an optical fiber comprising preparing a (co)polymer 
by the above process for manufacturing a methacrylate (co)polymer comprising conducting polymerization while feed- 
ing a monomer (mixture) containing at least 90 wt% in total of at least one methacrylate monomer and a radical polym- 
erization initiator represented by formula (II) into a reactor, which further comprises a feeding step of feeding a reaction 

20 mixture taken out from the reactor to a devolatilization step and a devolatilization step of separating and removing vol- 
atiles from the reaction mixture; and feeding the thus obtained (co)polymer and another polymer having a different 
refractive index to a multi-component spinning nozzle for spinning. 



25 
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BRIEF DESCRIPTION OF THE DRAWINGS 
[0007] 

Fig.1 shows the relationships between a concentration of an initiator III and a polymerization temperature in this 
invention. 

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS 



[0008] In this invention, polymerization is conducted using the radical polymerization initiator represented by for- 
mula (II) (hereinafter, referred to as an "initiator IP), and for preparing a methyl methacrylate (co)polymer, it is preferable 
35 to conduct the polymerization using the radical polymerization initiator represented by formula (III) (hereinafter, referred 
to as an "initiator III"). Herein, a "radical polymerization initiator" is simply referred to as an ■initiator". 

CH, CH, 

i i 

(id 

CH,-C-N=N-C-CH, 
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COOR COOR 

wherein R is alkyl or fluoroalkyl. 
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CH,-C-N=N-C-CH, (in) 

I I 

COOCH, COOCH, 

[0009] The initiator III may be decomposed as illustrated in the following reaction equation to give a radical IV. 
CH, CH, CH, 

i i i 

CH,-C-N=N-C-CH, »2 -C-CH, (IV) +N t 



I 



COOCH, COOCH, COOCH, 



[0010] Since the radical IV has the same structure as a methyl meth aery late structural unit, if for example in the 
30 polymerization of methyl methacrylate (hereinafter, referred to as "MMA") the initiator lit is used, a polymethyl methacr- 
ylate (hereinafter, referred to as "PMMA") consisting of the entirely same structural units to its molecular ends is 
obtained. When polymerizing MMA with another monomer, the molecular ends of a copolymer produced are composed 
of the same structural unit to MMA which is one copolymerizing component of the monomer mixture. In other words, a 
polymer prepared using the initiator III has a uniform molecular structure. Furthermore, when polymerizing a methacr- 
35 ylate monomer other than MMA, the structural unit of the molecular end of a product obtained has a similar structure to 
the structural unit of the monomer. For this reason, a methacrylate polymer prepared using the initiator III can exhibit 
improved optical properties and, when used in an optical fiber, can provide the optical fiber having improved transmis- 
sion performance. 

[0011] An initiator generating the radical IV is not known among organic peroxides, but only the initiator 1 1 Ms known 
40 among azo initiators. The initiator III is, therefore, used in this invention. Decomposition rates for the initiator III at differ- 
ent polymerization temperatures are listed in, for example, the technical bulletin of Wako Pure Chemicals. 
[0012] When preparing a polymer mainly comprising a structural unit of another methacrylate monomer, it is also 
preferable to select an initiator such that a radical generated from the initiator has the same structure as the structural 
unit of the monomer. For example, when preparing a 2,2,3,3-tetrafluoropropyl methacrylate polymer, it is preferable to 
45 use the initiator II where R in formula (II) is 2,2,3,3-tetrafiuoropropyl. 

[0013] In this invention, a chain transfer agent, preferably an alkyl mercaptan having 3 to 6 carbon atoms may be 
used for adjusting the molecular weight of a polymer produced. Residual mercaptan compounds may cause discolora- 
tion in thermal hysteresis during molding for a methacrylate polymer. It is, therefore, desirable to fully remove them dur- 
ing a devolatilization step. A mercaptan having 3 to 6 carbon atoms is easily handled because it is liquid at an ambient 
so temperature and has a relatively higher vapor pressure, permitting us to remove most of them during the devolatilization 
step. As a result, an industrially advantageous and satisfactorily transparent methacrylate polymer with an extremely 
less amount of impurities can be prepared. 

[0014] In this invention, it is preferable to conduct polymerization by a bulk or solution polymerization process. Fur- 
ther, it is preferable to conduct these polymerization continuously. Particularly, continuous bulk polymerization is most 
55 preferable since it does not require a solvent removing step and can provide a polymer with a minimum amount of impu- 
rities. 

[0015] This invention will be described in detail. In the following description, the initiator III is used as the initiator II, 
but an initiator II in which R is other than methyl may be also used in a similar manner. 
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[0016] For the initiator III which is preferably used in this invention, it is preferable to remove foreign materials before 
use. For removing foreign materials, the initiator III is, for example, filtrated with a known filter Since the initiator III is 
liquid at an ambient temperature, foreign materials can be readily removed. When using a commercially available initi- 
ator ill, it usually contains materials other than the initiator III. Herein, an initiator purity, i.e., an initiator III concentration 
in the product, is preferably at least 95 wt%, more preferably at least 97 wt%. As used herein, the term "foreign materi- 
als" means dirts, dusts and so on. In particular, it is preferable to remove foreign materials having a size of 0.02 jim or 
more by filtration. As used herein, the term "materials other than the initiator III" means residual compounds contained 
in an initiator III product such as starting materials for synthesis and byproducts. 

[0017] A monomer (mixture) used in this invention is a monomer (mixture) containing at least 90 wt% of a methacr- 
ylate monomer, preferably MMA or a mixture of at least 50 wt%, preferably at least 80 wt% of MMA and other mono- 
mers). Herein, one kind of methacrylate monomer or two or more kinds of methacrylate monomers may be used. 
When using two or more kinds of methacrylate monomers, the total amount of them is regarded as a content for a meth- 
acrylate monomer. Other monomers which may be combined with MMA are preferably, but not limited to, a variety of 
(meth)acrylates such as fluoroalkyl methacryiates, benzyl methacrylate and methyl acrylate. 

[0018] When using a chain transfer agent in this invention, the above alkyl mercaptans having 3 to 6 carbon atoms 
are preferably used. Such alkyl mercaptans include n-propyl mercaptan, n-butyl mercaptan, t-butyl mercaptan and n- 
hexyl mercaptan. Among them, n-butyl mercaptan is preferable. 

[0019] Such an initiator, a mercaptan and a monomer are fed in a reactor to initiate polymerization. In the process, 
they are preferably fed into the reactor after fully removing dissolved oxygen from the reactor by, for example, introduc- 
ing inactive gas such as nitrogen gas or maintaining the system under a reduced pressure for a certain period. In addi- 
tion, an initiator is usually fed by blending it just before the reactor with the other components to prevent these blended 
materials from being polymerized before introduction into the reactor. 

[0020] The initiator, the mercaptan and the monomer fed into the reactor are blended by stirring, during which an 
inert gas such as nitrogen is preferably introduced into the reactor to pressurize the system to the vapor pressure of the 
reaction or higher. 

[0021] In this invention, a known reactor may be used. It is preferable to use a reactor equipped with a jacket for 
internal heating or cooling. A known agitator may be used; preferably, a double-helical ribbon blade or a Max Blend 
blade (Sumitomo Jukikai Kogyo Inc.). The agitator may be preferably operated with an agitation power within the range 
of 1 to 5 kW/m 3 . 

[0022] The concentration of the initiator III fed into the reactor is preferably selected within the range satisfying the 
following equations (1) to (4) in order to conduct polymerization economically and stably: 



In (A) s 105.4- 451 26/B (1) 

In (A) £ 2545.2/B - 15,82 (2) 

In (A) a 225.9 - 1 021 68.8/B (3) 

In (A) a 1300.0/B- 15.74 (4) 



wherein A is an initiator concentration (a molar ratio of the initiator/the monomer); B is a polymerization temper- 
ature (°K); and In is a symbol for a natural logarithm. 

[0023] When conducting solution polymerization by further feeding an inert solvent into the reactor, the concentra- 
tion of the initiator III is preferably selected within the range satisfying the following equations (5) to (8): 



In {A x (1 -C) 5 } s 1 05.4 - 451 26/B (5) 

In {A x (1 -C) 5 } 3 2545.2/B - 1 5.82 (6) 

In {A x (1 -C) 5 } a 225.9 - 1 021 68.8/B (7) 

In {A x (1-C) 5 } a 1300.0/B - 15.74 (8) 



wherein C is the concentration of the inert solvent (the amount of the inert solvent (g) / the total amount of the 
monomer, the initiator, the chain transfer agent and the inert solvent fed into the reactor (g)) and A, B and In are as 
defined for equations (1) to (4). 

[0024] If the concentration of the initiator III is higher than the limit defined by equation (1) or (5), a reaction mixture 
may adhere to the reactor or may be postpolymerized outside of the reactor. It may cause an uneven molecular weight 
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or may tend to generate foreign materials such as gel, resulting in deteriorated optical properties in a polymer obtained. 
[0025] If the concentration of the initiator III is higher than the limit defined by equation (2) or (6), it becomes difficult 
to homogeneously blend the initiator and the monomer in the reactor, leading to poor operation stability. As a result, it 
may also cause an uneven molecular weight and foreign materials such as gel, resulting in deteriorated optical proper- 

5 ties in a polymer produced. 

[0026] If the concentration of the initiator III is lower than the limit defined by equation (3) or (7), oligomers mainly 
comprising dimers may be increased. Thus, for example, when a polymer obtained is used for a plastic optical fiber 
(hereinafter, referred to as an "optical fiber"), an absorption loss in the optical fiber may be increased. 
[0027] if the concentration of the initiator Ml is lower than the limit defined by equation (4) or (8), oligomers mainly 

w comprising dimers may be increased and a polymer yield may be reduced, leading to reduction in an economic effi- 
ciency. 

[0028] Fig.1 graphically shows the condition defined by equations (1) to (4). An initiator concentration and a polym- 
erization temperature, i.e., a temperature of a reaction mixture during polymerization, are selected within the hatched 
range delimited by these four lines in the graph. 

75 [0029] A polymerization temperature may be selected within the range of 110 to 160°C. If the polymerization tem- 
perature is higher than 1 60°C, dimers may be increased. The dimers cannot be completely separated by a usual devol- 
atilization process, so that they may remain in a polymer, causing density fluctuation and thus deteriorated optical 
properties in the polymer. When attempting to remove the dimers for preventing the above problems, a reaction mixture 
must be heated to an elevated temperature during removing volatiles, which may cause discoloration in the polymer. 

20 The polymerization temperature is preferably 1 50°C or lower, more preferably 1 40°C or lower, further preferably 1 30°C 
or lower for ensuring stabler preparation of a polymer having more improved optical properties. 
[0030] On the other hand, a polymerization temperature lower than 1 1 0°C may cause an uneven molecular weight 
of a polymer produced, leading to a reduced polymer yield. 

[0031 ] A polymerization temperature is controlled to be maintained a desired constant temperature by, for example, 

25 adjusting a jacket temperature in the reactor or a temperature of a fed monomer. 

[0032] When using continuous bulk polymerization as a polymerization process, a polymer content in a reaction 
mixture within a polymerization zone is preferably 30 wt% or higher for minimizing formation of dimers in the reaction 
mixture. For achieving an even molecular weight of a polymer in the reaction mixture and improving controllability of a 
polymerization temperature of the reaction mixture, a polymer content in the reaction mixture is preferably 70 wt% or 

30 less, more preferably 60 wt% or less. For stabler polymerization, a polymer content at a polymerization temperature of 
140°C or lower is preferably 50 wt% or less. A polymerization zone is herein a region where the initiator III and the mon- 
omer fed into the reactor are substantially homogeneously stirred and blended so that polymerization proceed to pro- 
vide a reaction mixture. 

[0033] For adjusting a molecular weight of a polymer, a chain transfer agent such as, generally, a mercaptan is 
35 added into a reactor. However, since it is necessary to remove most of the unreacted mercaptan during a devolatiliza- 
tion step for providing a methacrylate polymer having improved transparency, there has been a problem that a mer- 
captan having a higher number of carbon atoms has a lower vapor pressure, leading to increased duty in the 
devolatilization step. It is, therefore, preferable in this invention to use an alkyl mercaptan having 3 to 6 carbon atoms 
as a mercaptan having a relatively higher vapor pressure. If the carbon number is less than 3, handling the mercaptan 
40 becomes difficult because it can be easily vaporized at an ambient temperature. If the carbon number is more than 6, 
a vapor pressure is lower so that duty in the devolatilization step may be increased. There are no limitations for the 
amount of a mercaptan having 3 to 6 carbon atoms, and an amount appropriate for adjusting a molecular weight may 
be used. A particularly preferable chain transfer agent is n-butyl mercaptan. n-Butyl mercaptan has a boiling point 
almost equal to that of methyl methacrylate. n -Butyl mercaptan is, therefore, not separated from methyl methacrylate 
45 monomer and can be recovered as a solution in the monomer, even after removing materials having higher and lower 
boiling points from volatiles by distillation for reutilizing in the polymerization zone the volatiles recovered in the devola- 
tilization step. Thus, using n-butyl mercaptan as an alkyl mercaptan, it can be reutilized. 

[0034] However, volatiles recovered by a devolatilization process commonly used, occasionally contain unknown 
coloring materials except for a monomer and a mercaptan. Therefore, for reutilizing the volatiles, it is preferable to purify 
so the volatiles by a process described later and extract the monomer (mixture) from the volatiles removed in a devolatili- 
zation step described later for reutilizing. The monomer (mixture) extracted in the volatile purification step may be recy- 
cled into the reactor or may be used in a different utility as a usual monomer (mixture). 

[0035] For improving productivity of a polymer and minimizing contamination with dusts and/or polymer gels as 
much as possible in the present invention, it is preferable to continuously conduct polymerization,, i.e., to continuously 
55 feed an initiator III, a monomer and preferably further a mercaptan compound selected from alkyl mercaptans having 3 
to 6 carbon atoms into a reactor for polymerization while continuously taking out a reaction mixture from the reactor. In 
the process, an average residence time of the reaction mixture in a polymerization zone is preferably 1 to 6 hours, more 
preferably 2 to 6 hours. 
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[0036] After polymerization, preferably the reaction mixture taken out from the reactor is continuously fed with a 
known means such as a pump to a devolatilization step. 

[0037] There are no limitations for a devolatilization process, and any known process can be employed. For exam- 
ple, volatiles can be removed by feeding the reaction mixture to a vent-type extruder. Although higher internal temper- 
5 ature of the extruder may be more effective for removing volatiles, it may cause deteriorating a polymer by staining the 
polymer obtained after removing the volatiles. It is, therefore, preferable to select the lowest internal temperature of the 
extruder within the range where the volatiles can be removed. Specifically, the internal temperature of the extruder is 
preferably about 190 to 260°C. Volatiles, as used herein, include unreacted monomers, dimers and an unreacted mer- 
captan. 

w [0038] For improving productivity, it is preferable to continuously feed the reaction mixture to a devolatilization unit. 
[0039] In this invention, the volatiles are purified preferably by a monomer purification process where a monomer 
containing a small amount of a mercaptan compound is purified using a catalyst containing at least one element 
selected from the group of copper, cobalt, nickel and manganese in the presence of molecular oxygen and of a com- 
pound containing at least chlorine. 

is [0040] A molecular oxygen source which is present in the purification process may be air, oxygen-rich air or oxygen. 
[0041] The purification process may be in either liquid or gas phase. 

[0042] For liquid phase purification, for example, a catalyst may be added to a monomer containing a small amount 
of a mercaptan compound in the presence of molecular oxygen and the mixture is, as necessary, stirred for a certain 
period. Molecular oxygen is preferably fed in an amount within the range of 0.1 to 50 mL/min per 100ml_ of a reaction 
20 solution. The amount of the metal compound as a catalyst is preferably 0.01 to 1 parts by weight as a metal per one 
part by weight of the mercaptan compound contained in the monomer as an impurity. A purification temperature is pref- 
erably 0 to 80°C, more preferably 20 to 60°C. 

[0043] On the other hand for gas phase purification, a vaporized monomer containing a small amount of mercaptan 
compound may be in contact with a catalyst under heating. The catalyst is usually used as a fixed bed, but may be used 

25 as a moving or fiuidized bed. A contact period is preferably 0.1 to 10 sec. The monomer containing a mercaptan com- 
pound may be vaporized by, but not limited to, heating the monomerto its boiling point or higher at an ambient pressure 
or by vacuuming. The monomer can be diluted with an inert gas such as nitrogen, argon and steam. 
[0044] Molecular oxygen is fed to a 0.01 to 0.5 fold volume to the volume of the vaporized solution to be purified, 
i.e., 0.01 to 0.5 molar ratio to the monomer containing a mercaptan compound. Purification is usually conducted under 

30 the desired conditions of a temperature of 1 00 to 200°C and a pressure from several ten kPa (reduced pressure) to sev- 
eral hundred kPa (pressurized). The gaseous monomer after being in contact with the catalyst may be preferably 
trapped as a liquid by a usual process such as trapping it as a liquid under cooling or absorbing it with a solvent. 
[0045] For the purification process, a catalyst containing at least one element selected from the group of copper, 
cobalt, nickel and manganese, may include compounds other than their chlorides when conducting purification in a liq- 

35 uid phase; for example, carboxylates such as formates, acetates, citrates, oleates and naphthenates; inorganic acid 
salts such as sulfates and nitrates; complexes such as acetyl acetonates; oxides; or mixtures thereof. These com- 
pounds may be commercially available. 

[0046] For gas phase purification, a catalyst may be an oxide containing any of the above metallic elements. Par- 
ticularly preferable catalysts are represented by a general formula X a Si b Al c O d wherein Si, Al and O represent silicon, 

40 aluminum and oxygen, respectively; X represents at least one element selected from the group of copper, cobalt, nickel 
and manganese; a, b, c and d represent atom ratios for individual elements, provided that when a = 1 , b and c are 0 to 
50 and d is an oxygen atom ratio required for satisfying atomic values of the above individual components. 
[0047] The compound represented by the general formula X a SibAl c O d may be prepared by, but not limited to, a prior 
well known process where a catalyst precursor prepared by an appropriate method such as evaporation to dryness, 

45 precipitation and oxide mixing method is, as appropriate, formed into a desired shape by, e.g., tabletting and then heat- 
ing it, as long as it does not cause significantly uneven distribution of components. Heating is preferably conducted usu- 
ally at 200 to 700°C for a duration of 30 min or longer. Starting materials for preparing these catalysts may be an 
appropriate combination of, for example, oxides, nitrides, carbonates, ammonium salts and hydroxides of individual ele- 
ments. 

so [0048] A compound containing at least chlorine which is present during purification may be some form of chlorine- 
atom-containing compound such as molecular chlorine, hydrochloric acid, sodium chloride, sodium chlorate, calcium 
chloride, copper chloride, cobalt chloride, nickel chloride and manganese chloride. The compound may be fixed in the 
catalyst during catalyst preparation or may be present in a liquid to be purified or in a gas during purification. The 
amount of the compound containing at least chlorine may be in a small amount to the catalyst used, preferably 0.001 

55 to 1 0 parts by weight as chlorine atom per 1 00 parts by weight of the catalyst. When the amount of the compound con- 
taining at least chlorine is less than 0.001 parts by weight, the reaction cannot be significantly promoted, while when 
more than 1 0 parts by weight is present, it may adversely affect a reaction unit and so on. 

[0049] The monomer trapped as described above is distilled appropriately in the presence of a polymerization 
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inhibitor such as hydroquinone and hydroquinone monomethyl ether to provide the high pure monomer containing a 
reduced amount of impurities such as disulfide derived from the mercaptan compound. There are no limitations for dis- 
tillation conditions, but distillation is preferably conducted by heating the crude monomer to several ten °C under a 
reduced pressure. 

5 [0050] When employing solution polymerization in this invention, a solvent is fed into a reactor in addition to a mon- 
omer and an initiator III. The solvent may be a known solvent such as. toluene, xylenes, acetone, methyl ethyl ketone, 
methanol, ethanol, ethylbenzene, methyl isobutyl ketone and n-butyl acetate; particularly preferably, methanol, methyl 
ethyl ketone, ethylbenzene and n-butyl acetate. The amount of the solvent is preferably 40 wt% or less, more preferably 
20 wt% or less, further preferably 10 wt% or less, to the total amount of the monomer, the initiator III, a chain transfer 

10 agent and the solvent. 

[0051] The polymer content in the reaction mixture in the polymerization zone is preferably 40 to 70 wt% for indus- 
trially advantageous production. The solvent is preferably recovered together with volatiles in a devolatilization step. 
Recovery can be conducted by, but not limited to, supplying the reaction mixture to an appropriate apparatus such as 
a vent-type extruder, whose internal temperature is preferably about 190 to 260°C. 
15 [0052] A polymer prepared by the process of this invention may be used to provide an optical fiber having improved 
optical properties. 

[0053] There are no limitations for the structure of the optical fiber; specific examples are an SI type of optical fiber 
where a core and a sheath are concentrically piled in whose interface a refractive index abruptly changes, a Gl type of 
optical fiber where a refractive index continuously changes from the center to the periphery, and an optical fiber where 
20 a refractive index changes stepwise from the centerto the periphery. Since a polymer prepared according to this inven- 
tion exhibits improved optical properties, it is preferably used in a part through which a light entering the optical fiber 
mainly passes, e.g, in a component constituting a core in an SI type of optical fiber. 

[0054] For preparing an optical fiber, it is preferable to conduct spinning using a multi-component spinning nozzle 
discharging a plurality of materials to form a concentrically piled structure. Here, it is preferable to feed a polymer from 

25 which volatiles have been removed in advance, directly to the multi-component spinning nozzle for minimizing contam- 
ination of the polymer with dusts and reducing thermal hysteresis of the polymer as much as possible. A multi-compo- 
nent spinning nozzle with an at least two-layer structure may be used as appropriate. For example, a multicomponent 
spinning nozzle having an at least three- layer structure is used for preparing an optical fiber where a refractive index 
changes stepwise from the center to the periphery. For preparing an SI type of optical fiber, spinning is conducted by 

30 feeding a core component and a sheath component to the inner and the outer layers, respectively, of a two-layer type 
of multi-component spinning nozzle. A process for preparing an optical fiber is not limited to that using a mufti-compo- 
nent spinning nozzle; for example, a core component may be first spun and a sheath component may be then melt- 
applied to the outer surface of the core for preparing an SI type of optical fiber. 

[0055] A sheath component for preparing an SI type of optical fiber may be, for example, a copolymer of vinylidene 

35 fluoride with a fluoroalkyl vinyl ether, a methacrylate, an acrylate, tetrafluoroethylene, hexafluoropropene and vinyl ace- 
tate. A copolymer of a methacrylate or acrylate with a fluoroalkyl methacrylate orfluoroaikyl acrylate may be also used. 
A polymer mainly comprising vinylidene fluoride is preferable; specifically, a copolymer of vinylidene fluoride and 
tetrafluoroethylene containing 75 to 99 wt% of vinylidene fluoride, a copolymer consisting of 75 to 95 wt% of vinylidene 
fluoride, 4 to 20 wt% of tetrafluoroethylene and 1 to 10 wt% of hexafluoropropene, and a copolymer consisting of 75 to 

40 95 wt% of vinylidene fluoride, 4 to 20 wt% of tetrafluoroethylene and 1 to 5 wt% of vinyl fluoride. 

[0056] A plastic optical fiber has been rapidly used in short-range optical transmission applications because it may 
be of a larger aperture and lighter and better in processability and workability than an optical fiber with an inorganic 
glass as a core material. Its optical transparency has been, however, not yet satisfactory. In practice, a plastic optical 
fiber has been, therefore, used for at most several ten meter optical transmission. 

45 [0057] An optical transmission loss (a transmission loss) in the plastic optical fiber is mainly due to a polymer as a 
core material; specifically, considerably due to optical absorbance and Rayleigh scattering inherent in the polymer as 
well as optical absorption and scattering due to staining caused by impurities in the polymer or thermal hysteresis gen- 
erated during preparation of the polymer. It is, therefore, a key for improving performance to prepare a plastic optical 
fiber using an optically transparent polymer as a core material. 

so [0058] Optical fibers in which a particular polymer is used as a core material for improving transmission perform- 
ance have been disclosed in JP-A 2-158702, JP-A 63-94203 and JP-A 63-95402. JP-A 2-158702 has disclosed a plas- 
tic optical fiber comprising a polymer with a weight average molecular weight of 80,000 to 200,000 consisting of a 
homopolymer of methyl methacrylate and a copolymer of methyl methacrylate with another copolymerizable monomer 
as a core and a polymer with a lower refractive index than that of the core as a sheath containing butyl acetate up to 

55 1 000 ppm in the core. 

[0059] However, butyl acetate in the optical fiber derives from butyl acetate as a solvent in preparation of a polymer 
in solution polymer. Satisfactory performance cannot be achieved with an optical fiber containing such a residual butyl 
acetate which increases a transmission loss. 
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[0069] In the optical fiber of this invention, the (co)polymer in the core preferably has a molecular terminal structure, 
which is represented by the following formula (VII) derived from a radical initiator: 

CH, CH, 

i i 

H.C-C- (CH.-C-*-; (VII) 



COOCH, COOCH, 



75 



[0070] In the optical fiber of this invention, it is preferable that the core material comprises two or more (co)polymer 
whose copolymer composition and refractive index are mutually different, which are concentrically piled such that 
refractive indices are sequentially reduced from the core center to the periphery. In a preferable optical fiber, the core 
20 material is selected from the group consisting of a homopolymer of methyl methacrylate, a copolymer of methyl meth- 
acrylate and a fluoroalkyl methacrylate and a copolymer of methyl methacrylate and benzyl methacrylate. 
[0071] The optical fiber of this invention is preferably prepared by assembling a plurality of islands, where each of 
the islands has a core and the islands are separated from each other by other (co)polymer. 

[0072] This invention also provides an optical fiber cable comprising the above optical fiber and a coating layer 
25 which is formed on the outer surface of the optical fiber. 

[0073] This invention also provides an optical fiber cable with a plug comprising the optical fiber cable and a plug 
being attached to an end of said optical fiber. 

[0074] This invention also provides a process for manufacturing an optical fiber comprising the steps of: 



30 feeding a polymerization initiator, an alkyl mercaptan having 3 to 6 carbon atoms and a monomer or a mixture of 
two or more monomers into a reactor to form a reaction mixture containing a (co)polymer: 
feeding the reaction mixture into a vent-type devolatilization extruder by directly spraying the mixture to a screw in 
an inlet in the vent-type devolatilization extruder under a reduced pressure through a small hole or slit for removing 
volatiles to provide a (co)polymer; and 

35 forming an optical fiber using the (co) polymer as a core material, 

where a feed rate of the reaction mixture to the vent-type devolatilization extruder and screw diameter and screw 
revolution speed in the vent-type devolatilization extruder satisfy the following relationship of equation (9): 

Q s 0.002 x$ 2 xVN (9) 

40 

wherein Q is a feed rate of the reaction mixture (L/hr); $ is a screw diameter (mm); and N is a screw revolution 
speed (rpm). In the above manufacturing process, it is preferable that one of the monomers fed into the reactor is 
methyl methacrylate. 

45 [0075] This invention also provides the above process for manufacturing an optical fiber in which the core material 
comprises a homopolymer of methyl methacrylate or a copolymer of methyl methacrylate and other copolymerizable 
monomer, comprising the steps of: 



feeding a polymerization initiator, an alkyl mercaptan having 3 to 6 carbon atoms and methyl methacrylate mono- 
so me r or a mixture of methyl methacrylate and other copolymerizable monomer into a reactor to produce a reaction 
mixture containing a methyl methacrylate (co)polymer in 30 to 60 wt%; 

feeding the reaction mixture preheated to 170 to 205°C and compressed to a pressure equal to or higher than a 
vapor pressure of methyl methacrylate at the preheating temperature into a vent-type devolatilization extruder for 
removing volatiles to obtain a methyl methacrylate (co)polymer; and 
55 forming an optical fiber using the (co)polymer as a core material, 

where the reaction mixture is fed into a vent-type devolatilization extruder by directly spraying the mixture to a screw 
in an inlet in the vent-type devolatilization extruder under a reduced pressure through a small hole or a narrow slit; 
and at least in the moat downstream vent of the vent-type devolatilization extruder, a temperature and a pressure 
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are 230 to 270°C and 50 Torr or less, respectively. 
[0076] This invention will be described in detail. 

[0077] A polymer constituting the core in the optical fiber of this invention is preferably, but not limited to, a (copol- 
ymer comprising a (meth)acrylate monomer, more preferably a homopolymer of methyl methacrylate monomer or a 
copolymer of methyl methacrylate and another copolymerizable monomer. Monomers copolymeriable with methyl 
methacrylate preferably include, but not limited to, various (meth)acrylate monomers such as fluoroalkyl methacrylates, 
benzyl methacrylate and methyl acrylate. A preferable fluoroalkyi methacrylate is2,2,3,3-tetrafluoropropyl methacrylate 
because of its good copolymerizability with methyl methacrylate. For a methyl methacrylate copolymer, it preferably 
contains 50 wt% or more, more preferably 60 wt% ore more, particularly preferably 80 wt% or more of methyl methacr- 
ylate unit. 

[0078] A polymer constituting a core is generally prepared by heating, for a methyl methacrylate (co)polymer, 
methyl methacrylate monomer or a mixture of methyl methacrylate monomer and another copolymerizable monomer 
in a batch style or continuously for a certain period in the presence of a radical polymerization initiator and a mercaptan 
chain transfer agent for polymerization reaction; and then removing volatiles such as un reacted monomers from the 
reaction mixture obtained. A proper inert solvent may be, as appropriate, used to an adequately low level not to impede 
transmission performance, preferably 20 wt% or less, more preferably 10 wt% or less. 

[0079] A polymer is preferably prepared as follows. While reactants are polymerized in a complete mixing type of 
reactor with substantially homogenous stirring at a polymerization temperature of 110 to 160°C and with an average 
residence time of 2 to 6 hrs to continuously produce a reaction mixture, the polymer content of which is preferably 30 
to 70 wt%, more preferably 30 to 60 wt%. 

[0080] There are no limitations for a devolatilization method and any known process may be employed. It is essen- 
tial in this invention that sulfur-containing components (as sulfur atoms) which are not bound to the polymer are con- 
tained in the polymer in 5 ppm or less after devolatilization of the reaction mixture. For achieving this purpose, it is 
preferable to adjust a capacity of the devolatilization step and the amount of the reaction mixture fed to the devolatiliza- 
tion step. 

[0081 ] Volatiles can be effectively removed, for example, using the vent-type extruder described in JP-B 52-1 7555. 
It is here preferable that a reaction mixture preferably containing a polymer in 30 to 70 wt% is preheated to 170°C or 
higher; the mixture is then directly sprayed to a screw in an inlet of the vent-type extruder through a narrow opening 
such as a small hole and a slit; most of volatiles are separated and recovered in the first vent under a pressure of 500 
Torr or lower; and then the residual volatiles are removed in the second vent downstream of the first vent at 200 to 
270°C, preferably 230 to 270°C under a pressure of 50 Torr or lower. The residual volatiles may be further removed 
using the third vent downstream of the above vents at 230 to 270°C under a pressure of 50 Torr or lower. Volatiles, as 
used herein, include unreacted monomers, dimers and an unreacted mercaptan. 

[0082] In the above process, more than 70 wt% of the polymer content may make the polymerization reaction diffi- 
cult to conduct stably, while less than 30 wt% increases duty for removing volatiles and thus provides no industrial 
advantages. 

[0083] A preheating temperature lower than 1 70°C causes increase in a caloric value required for removing vola- 
tiles, so that it is difficult to produce a polymer having a composition according to this invention. A preheating tempera- 
ture higher than 205°C is advantageous for removing volatiles, but tends to cause formation/adhesion of colored 
materials probably due to sulfur-containing compounds In a preheater surface in contact with the liquid phase and the 
colored materials are entrained in the polymer, leading to increase in a transmission loss. A preheating temperature is 
preferably 1 85 to 205°C. 

[0084] When using a single screw vent-type extruder as a vent-type extruder, it is preferable to select that the fol- 
lowing relationship is satisfied between a feed rate of the reaction mixture and a size of the vent-type extruder, for ensur- 
ing that the content of the sulfur-containing compounds not bound to the polymer is 5 ppm or less: 



wherein Q is a feed rate of the reaction mixture (Lmr); $ is a screw diameter (mm); and N is a screw revolution 
speed (rpm). 

[0085] In particular, when the condition is satisfied and a preheating temperature of the reaction mixture fed to the 
vent-type extruder is 170°C or higher, the sulfur-containing components can be significantly effectively removed. 
[0086] A polymer in this invention can be prepared either in a batch style or continuously, as long as the content of 
the sulfur-containing components not bound to the polymer can be 5 ppm or less in the polymer after removing volatiles. 
[0087] In preparation of a polymer in this invention, mercaptan chain transfer agents for adjusting a polymer molec- 
ular weight is used for adjusting a viscosity in a melting step during shaping the polymer as an optical fiber and for pre- 
venting increase in scattering elements due to structure formation during shaping. Among the chain transfer agents, 



Q s 0.002 x<|> 2 x VN 



(9) 
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sulfur components which are bound to the polymer by the chain transfer reaction do not increase an optical absorption 
loss when being heated or a scattering loss when being humidified, but rather improve its thermal decomposition resist- 
ance. On the other hand, the residual mercaptan and disulfide compound in the polymer which are not bound to the 
polymer may be easily discolored by heating. Therefore, thermal hysteresis in a spinning step may easily cause discol- 

5 oration and an absorption loss may be increased particularly in a wavelength range of 600 nm or lower. In an optical 
fiber prepared after spinning, the mercaptan and the disulfide compound cause increase in an absorption loss at an ele- 
vated temperature and induce scattering loss in a higher humidity. Such residual mercaptan and disulfide compound 
significantly hamper the formation of an optical fiber having improved transmission performance and the retention of 
optical transmission properties for a long time. 

w [0088] It is, therefore, necessary in this invention that a mercaptan chain transfer agent is used for controlling a pol- 
ymer molecular weight within a proper range; the content of sulfur atoms which are bound to the polymer in the core is 
200 ppm to 1 000 ppm both inclusive for improving thermal decomposition resistance of the polymer; and the content of 
sulfur atoms which are not bound to the polymer is 5 ppm or less for preventing discoloration. 
[0089] The content of sulfur atoms which are bound to the polymer is preferably 400 ppm to 800 ppm both inclusive. 

is If the content of sulfur atoms which are bound to the polymer is too low, the polymer has an inadequate thermal decom- 
position resistance, so that, for example, when preparing an optical fiber by melt spinning, the melt viscosity of the pol- 
ymer is too high to be difficult to conduct spinning. On the other hand, if the content of sulfur atoms is too high, the melt 
viscosity is too low to be difficult to conduct spinning. 

[0090] Sulfur atoms which are not bound to a polymer, i.e., coloring materials such as an unreacted mercaptan and 
zo a disulfide compound formed by a reaction of the mercaptan, must be removed to be 5 ppm or less of the total content 
am sulfur atoms in the above devolatilization step. The content is preferably 3 ppm or less, more preferably 1 ppm or 
less, ideally an undetectable level. 

[0091] Mercaptans which may be satisfactorily used in this invention include alkyl mercaptans such as n-propyl, n- 
butyl, t-butyl, n-hexyl, n-octyl and n-dodecyl mercaptans. Mercaptans having a relatively higher vapor pressure are pref- 
25 erably used because use of mercaptans having a relatively lower vapor pressure causes increase in duty in the devol- 
atilization step. In this regard, alkyl mercaptans having 3 to 6 carton atoms are preferable, including n-butyl and t-butyl 
mercaptans. Furthermore, n-butyl mercaptan is most preferable because a mercaptan having a large chain transfer 
constant can minimize its amount for use. 

[0092] In the case of using a methacrylate polymer as a core in this invention, the polymer can exhibit further 
30 improved transmission performance when, besides the above condition for the sulfur-atom content, a molecular termi- 
nal structure derived from an initiator has the structure represented by formula (VI) mentioned below, particularly, by 
formula (VII) for a methyl methacrylate polymer. In the formulae, n is a natural number of 1 or more. 



35 
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CH, CH, 

i i 

H,C-C- (CH.-C-H 

II 

COOR COOR 

wherein R is alkyl or fluoroalkyl. 

CH, CH. 



I 



H.C-C- (CH.-C ) . ■ ■ (VIJ) 



COOCH, COOCH, 



[0093] The molecular terminal structure derived from the radical initiator represented by formula (VII) indicates that 
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the molecular terminal has the same structure as that of methyl methacrylate monomer. Thus, excellent transmission 
performance of methyl methacrylate can be fully utilized without receiving influence of optical absorption or optical scat- 
tering due to a different molecular structure derived from an initiator. 

[0094] In the prior art, a terminal structure of a polymer derived from an initiator has not been studied because an 
5 initiator is used in an amount of only several ten ppm for preparation of a polymer. However, slight increase in a trans- 
mission loss may be critical in terms of performance in an application where an extreme transparency is required such 
as an optical fiber. We have pursued a material having quits excellent transmission performance; have intensely inves- 
tigated focusing on a completely novel viewpoint, i.e., a terminal structure of the polymer derived from the polymeriza- 
tion initiator; and thus have achieved this invention. 
w [0095] An initiator which can provide a polymer having a terminal structure represented by formula (VII) may be, for 
example, dimethyl 2,2'-azobis(2-methylpropionate) (formula (III)). 



25 [0096] Besides an initiator terminal having the same structure as methyl methacrylate structure, use of dimethyl 
2,2'-azobis(2-methylpropionate) may provide an additional advantage, in general, an initiator is decomposed to gener- 
ate radicals for initiating polymerization reaction while part of the radical are recombined to form a stable compound 
which does not contribute to the polymerization reaction. For dimethyl 2,2'-azobis(2-methylpropionate) ) recombination 
of radicals generated by decomposition mostly forms methyl methacrylate monomer which is used in the present inven- 

30 tion. Thus, a polymer with an extremely small amount of impurities other than the monomer can be prepared. 

[0097] In this invention, transmission performance may be further improved when a weight average molecular 
weight in a polymer which constitutes a core satisfies to be 70,000 to 1 00,000 both inclusive. 

[0098] A weight average molecular weight of 70,000 to 100,000 both inclusive is important for achieving good flu- 
idity at a relatively lower temperature during spinning. Specifically, an optical fiber is preferably prepared by a process 

35 comprising separately feeding to multi-component spinning nozzle a polymer for a core and a separately-prepared pol- 
ymer having a refractive index lower than that of the core polymer in fused forms for spinning. In the process, heating 
the polymer to an elevated temperature increases a transmission loss due to discoloration caused by, for example, 
decomposition of components. It is, therefore, required to fuse the materials at a temperature as low as possible for a 
short heating duration. Even at a relatively lower temperature, spinning with a higher melt viscosity may deteriorate opti- 

40 cal transmission performance due to a residual optical distortion. It is, therefore, necessary to ensure good fluidity at a 
relatively lower temperature. 

[0099] It is, therefore, preferable that for a methyl methacrylate polymer, a weight average molecular weight is 
1 00,000 or less for melt spinning at a relatively lower temperature. A polymer with a molecular weight of 1 00,000 or less 
does not require heating to a very high temperature, so that an optical absorption loss due to discoloration can be min- 
45 imized and optical distortion can be avoided because of its relatively lower melt viscosity, resulting in satisfactory trans- 
mission performance. A polymer with a weight average molecular weight of 70,000 or more can exhibit good 
transmission performance and provide a durable optical fiber because the polymer has an adequate mechanical 
strength against, e.g., bending. 

[0100] There are no limitations for the structure of the optical fiber of this invention; specific examples are an SI type 
so of optical fiber where a core and a sheath are concentrically piled as a two-layer structure in whose interface a refractive 
index abruptly changes, a Gl type of optical fiber where a refractive index of a core continuously changes from its center 
to periphery, and a multi-layer optical fiber consisting of a plurality of layers where a refractive index of a core decreases 
stepwise from its center to periphery. 

[0101] A multi- layer optical fiber preferably has a structure where a core consists of piled and non-mixed layers 
55 made of (co)polymers having different refractive indices. In the structure, between adjacent layers it is also possible to 
form a mixed layer of the (co)polymers constituting the adjacent layers. In this invention, a part or all of the (co)polymer 
constituting the core is made of the polymer described above, preferably of a methyl methacrylate polymer. For the 
(co)polymers constituting the core of the multi-layer optical fiber, it is preferable to use (co)polymers which are produced 
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from the same monomer but have different copolymer composition ratios as adjacent non-mixed layers, because a scat- 
tering loss can be minimized in the interface between the non-mixed layers. 

[0102] A Gl type or multi-layer optical fiber can consist of either a core alone or a core and a sheath on the periph- 
ery of the core, which is made of a polymer having a refractive index lower than that of the periphery of the core. The 

5 sheath may consist of a plurality of layers. 

[0103] An optical fiber of this invention may be a sea-island type where mutually separated multiple islands are 
combined through a common sea. In the sea-island type optical fiber, an island may consist either of a core alone or of 
a core and a sheath. Each island may have a similar structure to the above described multi-layer optical fiber. A diam- 
eter of each island is preferably 250 urn or less, more preferably 200 u,m or less for minimizing leakage light out of the 

10 optical fiber(bend loss) when the optical fiber is bent. The sea-island type optical fiber can be used for multiplex com- 
munication by guiding different optical signals to individual islands. 

[0104] In this invention, a protective layer may be formed on the outer surface of an optical fiber of core-sheath 
structure or of a sea-island type optical fiber. 

[0105] Materials which may be used for a sheath or protective layer include copolymers of vinylidene fluoride with 
75 & fluoroalkyl vinyl ether, a meth aery late, an aery late, tetrafluoroethylene, hexafluoropropene and vinyl acetate. A copol- 
ymer of a methacrylate or acrylate with a fluoroalkyl methacrylate or fluoroalkyl acrylate may be also used. 
[0106] A polymer mainly comprising vinylidene fluoride or a fluoroalkyl methacrylate is preferable. Examples for a 
polymer mainly comprising vinylidene fluoride include a copolymer of vinylidene fluoride and tetrafluoroethylene, which 
contains 75 to 99 wt% of vinylidene fluoride, a copolymer consisting of 75 to 95 wt% of vinylidene fluoride, 4 to 20 wt% 
20 of tetrafluoroethylene and 1 to 1 0 wt% of hexafluoropropene, and a copolymer consisting of 75 to 95 wt% of vinylidene 
fluoride, 4 to 20 wt% of tetrafluoroethylene and 1 to 5 wt% of vinyl fluoride. Examples for a polymer mainly comprising 
a fluoroalkyl methacrylate include copolymers of a short-chain fluoroalkyl methacrylate, a long-chain fluoroalkyl meth- 
acrylate and methyl methacrylate (or methacrylic acid) and copolymers of methyl methacrylate with a long-chain fluor- 
oalkyl methacrylate or with methacrylic acid. 
25 [0107] A sea material in a sea-island type optical fiber may be, for example, selected from the polymers as 
described above for a sheath or protective layer. 

[0108] An optical fiber of this invention may be used as an optical fiber cable by placing a coating layer on its periph- 
ery. The coating layer may be made of a conventionally-used material such as Nylon 12, polyvinyl chloride, poly(chlo- 
rotrifluoroethylene) copolymers, polyethylene, polyurethane and perprene. 
30 [0109] The optical fiber may be used as an optical fiber cable with a plug by placing a plug on an end of an optical 
fiber cable. A well-known plug may be used. 

[01 10] An optical fiber of this invention may be prepared by a known process. For preparing an SI-, Gl- or multi-layer 
type optical fiber, spinning is conducted preferably using a multi-component spinning nozzle which concentrically dis- 
charge a plurality of materials to form a piled structure. A multi-component spinning nozzle with an at least two-layer 

35 structure may be used as appropriate. For example, a multi-component spinning nozzle with an at least three-layer 
structure is used for preparing an optical fiber where a refractive index changes stepwise from the center to the periph- 
ery. For preparing an SI type of optical fiber, spinning is conducted by feeding a core component and a sheath compo- 
nent to the inner and the outer layers, respectively, of a two-layer type of multi-component spinning nozzle. A process 
for preparing an optical fiber is not limited to that using a multi -component spinning nozzle; for example, a core compo- 

40 nent may be first spun and a sheath component may be then melt-applied to the outer surface of the core for preparing 
an SI type of optical fiber. For preparing a sea-island type optical fiber, a known multi-component spinning nozzle may 
be preferably used for spinning. 

[0111] This invention will be more specifically described with reference to Examples. 

[0112] Properties for a polymer which was used as a core material were determined as follows. 

45 

A) Determination of a sulfur-containing component content in a polymer 
i) Determination of a content of sulfur atoms which are bound to a polymer 

so [0113] Determination was carried out using a Doman microcoulometric titrator MCTS-130. Specifically, a calibra- 
tion curve was plotted by a measurement for a standard sample whose sulfur-atom concentration was known. Then, a 
polymer used as a core material was dissolved in a 10-fold volume of acetone and the solution was added dropwise to 
methanol to precipitate the polymer. The polymer alone was separated and collected, and dried to give a polymer sam- 
ple. After measurement for the polymer sample, a measured value was read from the calibration curve. The value was 

55 then converted into a value per a unit quantity of the polymer to give a content of sulfur atoms which are bound to a 
polymer. 
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ii) Determination of a content of sulfur atoms which are not bound to a polymer 



[0114] It was determined using a 5890 SERIES II gas chromatograph (HP Company) with a TC-WAX column (G. 
L Science Inc.) with a length of 30 m, an inner diameter of 0.53 mm and a film thickness of 1 .0 urn. A flame photometric 

5 detector which is highly sensitive to sulfur was used to quantitatively analyze residual n-butyl mercaptan or n-octyl mer- 
captan in a polymer and a disulfide compound formed by reaction between these two mercaptan molecules. This quan- 
titative analysis was conducted by plotting a calibration curve by a measurement for a standard sample solution in 
acetone whose sulfur concentration was known; conducting measurement for a sample solution in which a polymer is 
dissolved to about 13 wtA/ol%; and converting a value obtained from the calibration curve into a value for sulfur atoms 

io to give a content of sulfur atoms which are not bound to the polymer. 

[0115] A sulfur-atom content was the total of sulfur-atom equivalents for n-butyl mercaptan and di-n-butyl disulfide 
when using n-butyl mercaptan and for n-octyl mercaptan and di-n-octyl disulfide when using n-octyl mercaptan. 

B) Determination of a molecular weight by GPC 

15 

[0116] An HLC-8020 gas chromatograph (TOSOH Company) was used, which was equipped with two GMHXL col- 
umns (TOSOH Company). A calibration curve was plotted using THF as a solvent and a TSK standard polystyrene 
(TOSOH Company). A sample was a 0.1 g/dL solution prepared by still dissolution. 

[0117] A weight average molecular weight Mw and a ratio Mw/Mn , wherein Mw and Mn are a weight average 
20 molecular weight and a number average molecular weight, was determined with a commercially available GPC data 
processor (TOSOH data processor SC-801 0). 

C) Repetitive bending test 

25 [0118] Bending was repeated with a bending radius of 1 5 mm and an angle of 1 80° and a bending number until an 
optical fiber core was broken was recorded. 

D) Determination of residual monomer and residual dimer amounts 

30 [0119] After preparing an optical fiber by spinning, only the core component of the fiber was taken out to give a 
measurement sample, which was then subject to determination by a gas chromatography. 

Example 1 

35 [0120] To a purified MMA were added dimethyl 2,2'-azobis(2-methylpropionate) (Wako Pure Chemicals V-601, 
purity: 99 wt%) in a ratio of 1 .5 x 10" 5 mol / 1 mol monomer and n-butyl mercaptan (ELF ATOCHEM NORTH AMERICA 
INC. purity: 99.5 wt%) in a ratio of 1 .75 x 10' 3 mol / 1 mol monomer, respectively, and the mixture was continuously fed 
into a reactor in which a polymerization temperature was controlled to 135 °C and the mixture was stirred and mixed 
with a stirring blade. In the polymerization, an average residence time of the reaction mixture in a polymerization zone 

40 was set to 4 hours. 

[0121 ] After polymerization, the reaction mixture was continuously taken out from the reactor, and was continuously 
sent to a vented extruder with a pump for separating and removing volatiles therefrom to obtain a polymer. 
[0122] A polymer and a dimer contents in the reaction mixture were 44 wt% and 0.05 wt%, respectively, immedi- 
ately after taking out it from the reactor. In the polymer obtained after removing volatiles from the reaction mixture, a 

45 residual monomer and a dimer contents were 0.1 wt% and 0.03 wt % or less, respectively. This polymer exhibited a 
weight average molecular weight (Mw) of 95,000 by a gel permeation chromatography (GPC) and a ratio of weight aver- 
age molecular weight / number average molecular weight (Mw/Mn) was 2.0. Thus, the polymer had a considerably nar- 
row molecular weight distribution. A heating loss temperature determined by a thermobalance was 286°C and a glass 
transition point determined with a differential scanning calorimeter was as high as 120°C, indicating that the polymer 

so had good thermal properties. During a continuous operation for 360 hours, the operation was quite stable and in obser- 
vation of the inside of the reactor after the operation, polymer adhesion to the reactor and foreign material formation 
were not obserbed. 

[0123] Subsequently, using a two-layer multi-component spinning nozzle, while the above polymer was fed as a 
core material to the inner layer of the two-layer multi-component spinning nozzle and separately prepared 2,2,2-trifiuor- 
55 oethyl methacrylate polymer was fed as a sheath material to the outer layer of the multi-component spinning nozzle, a 
melt multi -component spinning was conducted at a multi-component spinning nozzle temperature of 21 0°C to obtain an 
optical fiber having a core-sheath structure. 

[0124] The optical fiber was evaluated for transmission performance. This optical fiber exhibited transmission 
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losses of 70, 62 and 133 dB/km at wavelengths of 520, 570 and 650 nm, respectively, indicating that the optical fiber 
had significantly excellent optical properties with a small transmission loss. 

Example 2 

5 

[0125] An optical fiber was prepared in a similar method as described in Example 1, except that a monomer mixture 
of 98 wt% of MMA and 2 wt% of methyl acrylate was used as a monomer, an initiator concentration was 1 .3 x 1 0" 5 (mol) 
/ monomer (mol) and a polymerization temperature was 150°C. 

[0126] A polymer content in the reaction mixture was 52 wt%, immediately after taking out it from the reactor. In the 
w polymer obtained after separating and removing volatiles from the reaction mixture, a residual monomer content in the 
polymer was 0.09 wt%. 

[0127] The optical fiber exhibited transmission losses of 82, 78 and 1 38 dB/km at wavelengths of 520, 570 and 650 
nm, respectively, indicating that the optical fiber had significantly excellent optical properties. 

75 Examples 3 to 8 

[0128] Optical fibers were prepared and evaluated in a similar method as described in Example 1. The reaction 
conditions are shown in Table 1 together with those for Examples 1 and 2. Conditions other than those shown in Table 
1 were the same as described in Example 1 . 



20 



Example 9 



[0129] An optical fiber was prepared in a similar method as described in Example 1, excpt that n-octyl mercaptan 
was used instead of n-butyl mercaptan. Transmission losses were 120, 87 and 135 dB/km at wavelengths of 520, 570 
25 and 650 nm, respectively. A transmission loss in a short wavelength range was slightly higher due to insufficient removal 
of the mercaptan while the initiator contributed to improvement in a transmission loss, especially in a long wavelength 
range. The results are shown in Table 1 . 
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Comparative Example 1 

[0130] An optical fiber was prepared in a similar method as described in Example 1 , except that 2,2'-azobis(2,4,4- 
trimethylpentane) was used as an initiator and the amount of the initiator was 1 .2 x 1 0" 5 (mol) / MMA (mol). 
5 [0131 ] A polymer content in the reaction mixture was 46 wt% immediately after taking out it from the reactor. In the 
polymer obtained after separating and removing volatiles from the reaction mixture, a residual monomer and a dimer 
contents were 0. 1 wt% and 0.03 wt %, respectively. The optical fiber exhibited transmission losses of 80 and 1 40 dB/km 
at wavelengths of 570 and 650 nm, respectively, indicating that the optical fiber had insufficient optical properties. 

10 Comparative Example 2 

[0132J Polymerization was conducted for 48 hours under the monomer composition and the polymerization condi- 
tions shown in Table 2 while the other conditions were similar as described in Example 1 . 

[0133] As seen from the table, a polymer content in a reaction mixture, however, considerably varied in a range of 
is 42 wt% to 50 wt% immediately after taking out it from a reactor, and a polymerization temperature was also unstable, 
i.e., stable operation was difficult. When observing the inside of the reactor after operation, there was found a large 
amount of gelled polymer attachment on the reactor inside. 

[0134] For an optical fiber prepared in a similar manner as described in Example 1 with the polymer thus obtained, 
a diameter was not uniform with many locally thicker parts. Therefore, the level of the optical fiber was insufficient for 
20 industrial use. 

Comparative Example 3 

[0135] Polymerization was conducted for 24 hours under the monomer composition and the polymerization condi- 
25 tions shown in Table 2 while the other conditions were similar as described in Example 1 . 

[0136] As seen from Table 2, a polymerization temperature was, however, unstable in a range of 130 to 140°C and 
a polymer content in a reaction mixture considerably varied in a range of 40 wt% to 55 wt% immediately after taking out 
it from a reactor, i.e., stable operation was difficult. When observing the inside of the reactor after operation, there was 
found a large amount of gelled polymer attachment on the reactor inside. 
30 [0137] For an optical fiber prepared in a similar manner as described in Example 1 with the polymer thus obtained, 
polymer lumps with a higher molecular weight (gel) were unevenly distributed, and a diameter was not uniform, i.e., 
there were alternately thicker and thinner parts Therefore, the level of the optical fiber was insufficient for industrial use. 

Comparative Example 4 

35 

[0138] Polymerization was conducted for 100 hours under the monomer composition and the polymerization con- 
ditions shown in Table 2 while the other conditions were similar as described in Example 1 . 

[0139] in the polymer obtained after separating and removing volatiles from the reaction mixture, a residual mono- 
mer and a dimer contents were 0.1 wt% and 0.5 wt %, respectively, indicating that it was a polymer with a considerably 
40 higher dimer content. 

[0140] An optical fiber prepared in a similar manner as described in Example 1 using the polymer thus obtained 
exhibited transmission losses of 140, 95 and 140 dB/km at wavelengths of 520, 570 and 650 nm, respectively. Thus, a 
transmission loss was particularly higher In a short wavelength range. 

45 Comparative Example 5 

[0141] Polymerization was conducted for 100 hours under the monomer composition and the polymerization con- 
ditions shown in Table 2 while the other conditions were similar as described in Example 1 . 

[0142] In the polymer obtained after separating and removing volatiles from the reaction mixture, a residual mono- 
so mer and a dimer contents were 0.2 wt% and 0.6 wt %, respectively, indicating that it is a polymer with a considerably 
higher dimer content Furthermore, a polymer content in a polymerization zone was low, i.e., productivity for the poly- 
mer was low. 

[0143] An optical fiber prepared in a similar manner as described in Example 1 using the polymer thus obtained 
exhibited transmission losses of 142, 95 and 140 dB/km at wavelengths of 520, 570 and 650 nm, respectively. Thus, a 
55 transmission loss was particularly higher in a short wavelength range. 
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Example 10 



[0144] To a purified MM A were added dimethyl 2 p 2'-azobis(2-methylpropionate) (Wako Pure Chemicals V-601, 
purity: 99 wt%) in a ratio of 1 .8 x 10" 5 mot / 1 mol monomer and n-butyl mercaptan (ELF ATOCHEM NORTH AMERICA 
5 INC, purity: 99.5 wt%) in a ratio of 1 .8 x 1 0" 3 mol / 1 mol monomer, respectively, and the mixture was continuously fed 
into a complete-mixing type reactor in which a polymerization temperature was controlled to 130 °C and the mixture 
was stirred and mixed with a stirring blade. In the polymerization, an average residence time of the reaction mixture in 
a polymerization zone was set to 3.6 hours. 

[0145] While the reaction mixture was continuously taken out from the reactor, the mixture heated to 190°C was 
10 continuously sent to a rear-vented type of 3-vent single-screw devolatilization extruder having a screw diameter of 40 
mm using a pump at a rate of 15 Uhr for separating and removing volatiles to obtain a polymer. A pressure in an inlet 
(rear vent: the first vent) was 100 Torr, while pressures in the second and the third vents were 50 Torr. An extruder tem- 
perature in the inlet was set to 220°C while those in the second and the third vents to 240°C. A screw revolution speed 
was 60 rpm. A polymer content immediately after taking out the mixture from the reactor was 45 wt%, which was cal- 
15 culated from the amount of the reaction mixture fed and the amount of the polymer collected after removing the vola- 
tiles. The polymer extruded without being exposed to the air from the tip of the extruder was continuously and directly 
fed to a two-layer multi-component spinning nozzle. While the above polymer was fed as a core material to the inner 
layer of the two-layer multi-component spinning nozzle and a separately prepared polymer of 51 wt parts of 2,2,2-trif- 
luoroethyl methacrylate. 30 wt parts of 1,1,2,2-tetrahydroperfluorodecyl methacrylate. 18 wt parts of methyl methacr- 
20 ylate and 1 wt part of methacrylic acid was fed as a sheath material to the outer layer of the nozzle, a melt multi- 
component spinning was conducted under a constant nozzle pressure of 30 kg/cm 2 and at a nozzle temperature of 220 
°C to obtain an optical fiber having a core-sheath structure whose fiber diameter was 1000 urn. 
[0146] The optical fiber thus obtained was evaluated for transmission performance and residual volatiles in the core 
material. 

25 [0147] Onlythe polymer constituting the core of the optical fiber was taken out to be subject to measurement. Inthe 
polymer, a residual monomer and a dimer contents were 0.24 wt% and 0.05 wt%, respectively. 
[0148] In this polymer, a content of sulfur components (as sulfur atoms) which are bound to the polymer (a bound- 
sulfur content) was 600 ppm, while a content of sulfur components (as sulfur atoms) which are not bound to the polymer 
(a residual-sulfur content) was 0.7 ppm. 

30 [0149] This polymer exhibited a weight average molecular weight (Mw) of 90,000 by GPC method and a ratio of 
weight average molecular weight / number average molecular weight (Mw/Mn) was 2.0. A glass transition point deter- 
mined with a differential scanning calorimeter warn as high as 120 °C, indicating that the polymer had good thermal 
properties. 

[01 50] This optical fiber exhibited low transmission losses of 70, 62 and 1 25 dB/km at wavelengths of 520, 570 and 
35 650 nm, respectively, i.e., it had significantly excellent optical properties. 

[0151] The optical fiber after coated with polyethylene to an outer diameter of 2.2 mm was subject to a repetitive 
bending test, It exhibited good mechanical strength with a bending number of 20,000. 



[0152] A polymer was prepared in a similar method as described in Example 1 0, except that a concentration of n- 
butyl mercaptan was 2.0 x 1 0" 3 mol / 1 mol monomer. Subsequently, an optical fiber with a fiber diameter of 1000 jim 
was prepared in a similar manner as described in Example 10, except that a nozzle temperature was set to 210°C. 
[0153] In a similar manner as described in Example 1 0, only the polymer constituting the core of the optical fiber 
45 was taken out to be subject to measurement. In the polymer, a residual monomer and a dimer contents were 0.20 wt% 
and 0.06 wt%, respectively. 

[0154] In this polymer, a content of sulfur components which are bound to the polymer was 670 ppm, while a con- 
tent of sulfur components which are not bound to the polymer was 1 .0 ppm. 

[0155] This polymer exhibited a weight average molecular weight (Mw) of 80,000 by GPC method and a ratio of 
so weight average molecular weight / number average molecular weight (Mw/Mn) was 2.0. A glass transition point deter- 
mined with a differential scanning calorimeter was as high as 1 20°C, indicating that the polymer had good thermal prop- 
erties. 

[0156] This optical fiber exhibited low transmission losses of 68, 60 and 1 21 dB/km at wavelengths of 520, 570 and 
650 nm, respectively, i.e., it had significantly excellent optical properties. In a repetitive bending test carried out in a sim- 
55 ilar mannner as described in Example 10, it exhibited good mechanical strength with a bending number of 15,000. 



Example 1 1 



40 



21 




[0157] A polymer was prepared in a similar method as described in Example 1 0, except that the amount of dimethyl 
2,2'-azobis(2-methylpropionate) was 2.0 x 10' 5 mol / 1 mol monomer, the amount of n-butyl mercaptan was 2.0 x 10* 3 
5 mol / 1 mol monomer, a polymerization temperature was 126°C and an average residence time was 3.0 hrs. Subse- 
quently, an optical fiber having a fiber diameter of 1 000 u,m was obtained in a similar manner as described in Example 
1 0, except that a nozzle temperature was set to 21 0°C. 

[0158] In a similar manner as described in Example 1 0, only the polymer constituting the core of the optical fiber 
was taken out to be subject to measurement. In the polymer, a residual monomer and a diner contents were 0.16 wt% 
w and 0.01 8 wt%, respectively. 

[0159] In this polymer, a content of sulfur components which are bound to the polymer was 640 ppm, while a con- 
tent of sulfur components which are not bound to the polymer was 0.9 ppm. 

[0160] This polymer exhibited a weight average molecular weight (Mw) of 82,000 by GPC method and a ratio of 
weight average molecular weight / number average molecular weight (Mw/Mn) was 2.0. A glass transition point deter- 
75 mined with a differential scanning calorimeter was as high as 120°C. indicating that the polymer had good thermal prop- 
erties. 

[0161] This optical fiber exhibited low transmission losses of 71 , 62 and 124 dB/km at wavelengths of 520, 570 and 
650 nm, respectively, i.e., it had significantly excellent optical properties. In a repetitive bending test, it exhibited good 
mechanical strength with a bending number of 15,000 equivalent to that in Example 1 1 . 
20 [0162] The polymer in this example had properties almost equivalent to those for the polymer in Example 11, 
except for a lower dimer content. In this example, despite lower monomer and dimer contents in the polymer, a trans- 
mission loss was substantially equivalent to that in Example 1 1 . 



Example 13 

25 

[0163] A polymer was prepared in a similar method as described in Example 1 0, except that an initiator was 2,2'- 
azobis(2,4,4-trimethylpentane) in a ratio of 1 .3 x 1 0" 5 mol / 1 mol monomer. A polymer content immediately after taking 
out the reaction mixture from the reactor, which was calculated from the amount of the reaction mixture fed and the 
amount of the polymer produced after removing the volatiles, was 45 wt% equivalent to the value in Example 10. Sub- 
30 sequently, an optical fiber having a fiber diameter of 1 000 ujn was prepared in a similar manner as described in Exam- 
ple 10. 

[0164] In a similar manner as described in Example 10, only the polymer constituting the core of the optical fiber 
was taken out to be subject to measurement. In the polymer, a residual monomer and a dimer contents were 0.23 wt% 
and 0.05 wt%, respectively. 

35 [0165] In this polymer, a content of sulfur components which are bound to the polymer was 610 ppm, while a con- 
tent of sulfur components which are not bound to the polymer was 0.7 ppm. 

[0166] This polymer exhibited a weight average molecular weight (Mw) of 90,000 by GPC me3thod and a ratio of 
weight average molecular weight / number average molecular weight (Mw/Mn) was 2.0. A glass transition point deter- 
mined with a differential scanning calorimeter was as high as 120°C, indicating that the polymer had good thermal prop- 
40 erties. 

[0167] This optical fiber exhibited transmission losses of 82, 72 and 1 30 dB/km at wavelengths of 520, 570 and 650 
nm, respectively. In a repetitive bending test, it exhibited good mechanical strength with a bending number of 20,000 
equivalent to that in Example 10. 

[0168] The process of this example was almost as similar as described in Example 10, except that a different initi- 
45 ator was used. In this example, a transmission loss was slightly higher, despite that the residual monomer content, the 
dimer content, the molecular weight and the heat history were almost as similar as described in Example 10. The opti- 
cal fiber, however, had better transmission performance than that prepared by a conventional manufacturing process, 
because of a lower content of sulfurs which are not bound to the polymer in the polymer. 



so Example 14 

[0169] A polymer was prepared in a similar method as described in Example 10, except that a concentration of n- 
butyl mercaptan was 1 .4 x 10" 3 mol / 1 mol monomer. Subsequently, an optical fiber having a fiber diameter of 1 000 \xm 
was obtained in a similar manner as described in Example 1 0, except that a nozzle temperature was set to 235 °C. 
55 [0170] In a similar manner as described in Example 10, only the polymer constituting the core of the optical fiber 
was taken out to be subject to measurement. In the polymer, a residual monomer and a diner contents were 0.24 wt% 
and 0.06 wt%, respectively. 

[0171] In this polymer, a content of sulfur components which are bound to the polymer was 490 ppm, while a con- 
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tent of sulfur components which are not bound to the polymer was 1 .2 ppm. 

[0172] This polymer exhibited a weight average molecular weight (Mw) of 1 10,000 by GPC method and a ratio of 
weight average molecular weight / number average molecular weight (Mw/Mn) was 2.0. A glass transition point deter- 
minedwith a differential scanning calorimeter was 120 °C. 
5 [0173] This optical fiber exhibited transmission losses of 81 , 70 and 1 32 dB/km at wavelengths of 520, 570 and 650 
nm, respectively. The fiber exhibited a higher transmission loss than that in Example 10, but its transmission perform- 
ance was better than an optical fiber prepared by a conventional manufacturing process. In a repetitive bending test, it 
exhibited good mechanical strength with a bending number of 22,000. 

w Example 15 

[0174] A polymer was prepared in a similar method as described in Example 1 0, except that a concentration of n- 
butyl mercaptan was 2.5 x 1 0" 3 mol / 1 mol monomer. Subsequently, an optical fiber having a fiber diameter of 1 000 u,m 
was obtained in a similar manner as described in Example 10, except that a nozzle temperature was set to 205 °C. 
is [0175] In a similar manner as described in Example 1 0, only the polymer constituting the core of the optical fiber 
was taken out to be subject to measurement In the polymer, a residual monomer and a diner contents were 0.1 7 wt% 
and 0.02 wt%, respectively. 

[0176] In this polymer, a content of sulfur components which are bound to the polymer was 720 ppm, while a con- 
tent of sulfur components which are not bound to the polymer was 1 .0 ppm. 
20 [0177] This polymer exhibited a weight average molecular weight (Mw) of 64,000 by GPC method and a ratio of 
weight average molecular weight / number average molecular weight (Mw/Mn) was 2.0. A glass transition point deter- 
mined with a differential scanning calorimeter was as high as 1 1 7°C, indicating that the polymer had good thermal prop- 
erties. 

[0178] Although exhibiting relatively lower mechanical strength with a bending number of 8,000 in a repetitive bend- 
25 ing test, the optical fiber exhibited low transmission losses of 68, 60 and 1 20 dB/km at wavelengths of 520, 570 and 650 
nm, respectively, i.e., it had significantly excellent optical properties. 

Comparative Example 6 

30 [0179] A polymer was prepared in a similar method as described in Example 1 0, except that in a ratio of 1 .8 x 1 0" 3 
mol / 1 mol monomer of n-octyl mercaptan was used instead of n-butyl mercaptan. Subsequently, an optical fiber having 
a fiber diameter of 1000 urn was obtained in a similar manner as described in Example 10. 

[0180] In a similar manner as described in Example 1 0, only the polymer constituting the core of the optical fiber 
was taken out to be subject to measurement. In the polymer, a residual monomer and a dimer contents were 0.24 wt% 
35 and 0.06 wt%, respectively. 

[0181] In this polymer, a content of sulfur components which are bound to the polymer was 590 ppm, while a con- 
tent of sulfur components which are not bound to the polymer was 27 ppm. 

[0182] This polymer exhibited a weight average molecular weight (Mw) of 90,000 by GPC method and a ratio of 
weight average molecular weight / number average molecular weight (Mw/Mn) was 2.0. A glass transition point deter- 
40 mined with a differential scanning calorimeter was as high as 1 20°C, indicating that the polymer was good in the sense 
of thermal properties. 

[0183] This optical fiber exhibited transmission losses of 92, 85 and 136 dB/km at wavelengths of 520, 570 and 650 
nm, respectively. Thus, it had a higher transmission loss despite that the residual monomer content, the dimer content, 
the molecular weight and the heat history were almost similar as described in Example 10. 

45 

Comparative Example 7 

[0184] A polymer was prepared in a similar method as described in Example 10, except that for operation condi- 
tions in a devolatilization step, a reaction mixture at the polymerization temperature of 130 °C was directly fed to an 
so extruder without further heating, and a pressure of the inlet (rear vent) was 600 Torr while pressures of the second and 
the third vents were 50 Torr for devolatilization. Subsequently, an optical fiber having a fiber diameter of 1000 jim was 
obtained in a similar manner as described in Example 1 0. 

[0185] In a similar manner as described in Example 10, only the polymer constituting the core of the optical fiber 
was taken out to be subject to measurement. In the polymer, a residual monomer and a dimer contents were 0.41 wt% 
55 and 0.09 wt%, respectively. 

[0186] In this polymer, a content of sulfur components which are bound to the polymer was 600 ppm, while a con- 
tent of sulfur components which are not bound to the polymer was 8 ppm. 

[0187] This polymer exhibited a weight average molecular weight (Mw) of 90,000 by GPC method and a ratio of 
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weight average molecular weight / number average molecular weight (Mw/Mn) was 2.0. A glass transition point deter- 
mined with a differential scanning calorimeter was as high as 1 1 7°C, indicating that the polymer was good in the sense 
of thermal properties. 

[0188] The optical fiber exhibited higher transmission losses of 90, 83 and 135 dB/km at wavelengths of 520, 570 
and 650 nm, respectively. 

[0189] The above results are summarized in Table 3. 
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Example 16 



[0190] Preparation solution 1 which was prepared by adding, to an MMA, dimethyl 2,2'-azobis(2-methylpropionate) 
(Wako Pure Chemicals V-601 , purity: 99 wt%) in a ratio of 1 .8 x 1 0" 5 mol / 1 mol monomer and n-butyl mercaptan (ELF 

5 ATOCHEM NORTH AMERICA INC, purity: 99.5 wt%) in a ratio of 1.8 x 10" 3 mol / 1 mol monomer, respectively, was 
continuously fed into a reactor 1 . Separately, preparation solution 2 which was prepared by adding, to a mixture of MMA 
and 2,2,3,3-tetrafluoropropyl methacrylate (4FM) (80/20 wt%), dimethyl 2,2'-a20bis(2-methylpropionate) (Wako Pure 
Chemicals V-601 , purity: 99 wt%) in a ratio of 1 .8 x 1 0" 5 mol / 1 mol monomer and n-butyl mercaptan (ELF ATOCHEM 
NORTH AMERICA INC. purity: 99.5 wt%) in a ratio of 1.8 x 10" 3 mol/1 mol monomer, was continuously fed into a reac- 

10 tor 2. In both reactors 1 and 2, a polymerization temperature was controlled to 130°C and the mixture was stirred and 
mixed with a stirring blade. In polymerization, an average residence time of each reaction mixture in a polymerization 
zone was set to 3.6 hours. While these reaction mixtures were continuously taken out from the reactors 1 and 2, the 
mixtures heated to 1 90°C were continuously sent to rear-vented type of 3-vent single-screw devolatilization extruders 1 
and 2 each having a screw diameter of 40 mm using a pump at a rate of 15 Lmr for separating and removing volatiles 

15 to obtain polymers. A pressure in an inlet (rear vent: the first vent) was 1 00 Torr, while pressures in the second and the 
third vents were 50 Torr. An extruder temperature in the inlet was set to 220°C while those in the second and the third 
vents to 240°C. A screw revolution speed was 60 rpm. 

[0191] Polymer contents immediately after taking out the mixtures from the reactors 1 and 2 were 45 wt% and 47 
wt%, respectively, which were calculated from the amount of the reaction mixture fed and the amount of the polymer 

20 collected after removing the volatiles. 

[0192] A residual monomer content in the polymer 1 obtained from the devolatilization extruder 1 was 0.24 wt% for 
MMA, while residual monomer contents in the polymer 2 obtained from the devolatilization extruder 2 were 0.14 wt% 
for MMA and 0.1 1 wt% for 4FM. Contents of suifur components which are chemically bound to the polymers 1 and 2 
were 600 and 560 ppm, respectively, while contents of sulfur components which are not chemically bound to the poly- 

25 me rs were 0.7 and 1 ppm, respectively. 

[0193] Then, the polymers 1 and 2 extruded without being exposed to the air from the tips of the devolatilization 
extruders 1 and 2 were continuously and directly fed to a three-layer multi-component spinning nozzle. While the above 
polymers 1 and 2 were fed as cores 1 (the inner layer of the core) and 2 (the outer layer of the core) and a separately 
prepared polymer of 28 wt parts of 1 f 1 ,2,2-tetrahydroperfluorodecyl methacrylate(17FM), 71 wt parts of MMA and 1 wt 

30 part of methacrylic acid (MAA) was fed as a sheath material, a melt multi-component spinning was conducted to obtain 
a multi-layered optical fiber having a fiber diameter of 750 urn, whose transmission performance was evaluated. The 
core 1 had a diameter of 450 u/n while the core 2 had a thickness of 135 u.m and a sheath thickness of 15 um In this 
process, the multi-component spinning nozzle conditions were controlled as a constant nozzle pressure of 30 kg/cm 2 
and a nozzle temperature of 220°C. 

35 [0194] This optical fiber exhibited extremely low transmission losses of 70, 62 and 119 dB/km at wavelengths of 
520, 570 and 650 nm, respectively, i.e., it had significantly excellent optical properties. 
[0195] A transmission band for a fiber length of 50 m was 550MHz. 

[0196] In a durability test at temperatures of 85°C and 70 °C and at a relative humidity of 95 % for 10,000 hrs, a 
transmission loss increased by 30 dB/km or less and a transmission band was not significantly changed. 



[0197] Four different core materials were prepared in a similar method as described in Example 16, except that 
preparation conditions were set as shown in Table A, and these core materials and sheath and protective-layer materi- 
45 als shown in Table A were fed to a 6-layer multi-component spinning nozzle to obtain an optical fiber shown in Table A. 
The evaluation results are shown in Table B. 



so [0198] Three different core materials were prepared in a similar method as described in Example 1 6, except that 
the preparation conditions were set as shown in Table A, and these core materials and a sea material and a protective- 
layer material shown in Table A were fed to a multi-component spinning nozzle for a multiple core fiber to obtain a sea- 
island type optical fiber as shown in Table A where 37 islands consisting of three kinds of concentrically piled core mate- 
a rials were assembled through a sea part and a protective layer was formed on the periphery. On the periphery of the 
55 optical fiber was applied a coating layer made of a blend of vinyl chloride and an ethylene/vinyl acetate copolymer (Toyo 
Ink Co. Ltd.: 314) to obtain a multi-core optical fiber cable having an outer diameter $ of 2.2 mm. There were observed 
no damages in the core part of the periphery. The evaluation results are shown in Table B. The optical fiber was cut to 
give a 5 m piece, whose ends were ground. Introducing light from its one end, brightness for each island was observed 
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at the other end, and brightness was substantially even throughout the fiber. 
Examples 19 and 20 

5 [0199] Each of optical fibers shown in Table A was prepared in a similar method as described in Example 1 6, except 
that the preparation conditions were set as shown in Table A. The evaluation results are shown in Table B. 

Comparative Example 8 

io [0200] An optical fiber shown in Table A was prepared in a similar method as described in Example 1 6, except that 
the preparation conditions were set as shown in Table A. 

[0201] In both reactors 1 and 2, a polymer content in a reaction mixture, however, considerably varied in a range of 
42 wt% to 50 wt%, and a polymerization temperature was also unstable, i.e., stable operation was difficult When 
observing the insides of the reactors 1 and 2 after operation, there was found a large amount of gelled polymer attach- 
75 ment on the reactor inside. For an optical fiber prepared in a similar manner as described in Example 1 6 with the poly- 
mer thus obtained, a diameter of the fiber was not uniform with many locally thicker parts. Therefore, the level of the 
optical fiber was insufficient for industrial use. 

Comparative Example 9 

20 

[0202] An optical fiber shown in Table A was prepared in a similar method as described in Example 1 6, except that 
the preparation conditions were set as shown in Table A. 

[0203] Although in both reactors 1 and 2 a polymerization temperature was intended to be adjusted to 130 °C by 
controlling a jacket temperature in the reactors, it was not stable in a range of 130 to 140°C, and a polymer content in 
25 a reaction mixture considerably varied in a range of 40 wt% to 55 wt% immediately after taking out it from the reactor, 
i.e., stable operation was difficult. When observing the insides of the reactors 1 and 2 after operation, there was found 
a large amount of gelled polymer attachment on the reactor inside. 

[0204] For an optical fiber prepared in a similar manner as described in Example 1 6 with the polymer thus obtained, 
polymer lumps with a higher molecular weight (gel) were unevenly distributed, and a diameter of the fiber was not uni- 
30 form, i.e., there were alternately thicker and thinner parts . Therefore, the level of the optical fiber was insufficient for 
industrial use. 

Example 21 

35 [0205] Polymerization was conducted in a similar method as described in Example 1 0. A reaction mixture was con- 
tinuously taken out from a reactor, transferred while being heated to 190°C, and fed to a singie-screw devolatilization 
extruder as described in Example 10 for separating and removing volatiles to obtain a polymer. The operation condi- 
tions for the single-screw devolatilization extruder were similar as described in Example 10. 

[0206] Subsequently, using the polymer extruded from the tip of the extruder in a similar manner as described in 
40 Example 10, acore-sheath type optical fiber having a fiber diameter of 1 000 ujti was obtained, which was evaluated for 
its transmission performance and residual volatiles in the core. 

[0207] In the core, a residual monomer and a dimer contents were 0.78 and 0.12 wt%, respective ty. A content of 
sulfur components which are bound to the polymer in the core was 600 ppm, while a content of sulfur components 
which are not bound to the polymer was 8.9 ppm. 
45 [0208] A weight average molecular weight (Mw) by GPC method was 90,000 and a ratio of Mw/Mn was 2.0, which 
was equivalent to the value in Example 1 0. 

[0209] The optical fiber exhibited large transmission losses of 93, 87 and 136 dB/km at 520, 570 and 650 nm, 
respectively. 

so Example 22 

[0210] In the process described in Example 1 , the volatiles separated and removed in the devolatilization step were 
cooled in a condenser to collect a liquid (1000 kg) in a tank. For the collected liquid, n-butyl mercaptan was quantita- 
tively analyzed by hydrogen flame gas chromatography. The result was 1 ,500 ppm. The collected liquid appeared to be 
55 very slight pale yellow. To 1 000 kg of the collected liquid were added 250 g of cupric oxide (copper (II) oxide) as a cat- 
alyst and 1 0 g of cupric chloride (copper (II) chloride) as a chloride. The mixture kept at 60°C was stirred with a double 
propeller-blade stirrer at 200 rpm while feeding air from the bottom of the tank in a rate of 1 0 L/min. After 4 hours, the 
liquid was cooled to 20°C and quantitatively analyzed for an amount of residual n-butyl mercaptan. The result was 
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below a determination limit (1 ppm). 

[0211] After filtration, to the liquid was added hydroquinone as a polymerization inhibitor to 50 ppm, and the mixture 
was distilled at 40°C under 1 00 Torr for purification. For a distillate after about 98% distillation, n-butyl mercaptan and 
di-n-butyl disulfide were quantitatively analyzed. The results were below a determination limit (1 ppm). 
5 [0212] Feeding the distillate as a starting material into the reactor in Example 1 , a polymer was prepared under the 
conditions similar as described in Example 1 and a core-sheath type plastic optical fiber was prepared in a similar man- 
ner as described in Example 1 . 

[0213] The optical fiber exhibited transmission losses of 71, 62 and 132 dB/km at 520, 570 and 650 nm, respec- 
tively, which were equivalent to those In Example 1 , indicating that the fiber had a lower transmission loss and good opti- 
w cal properties. 



[0214] To a reaction raw material consisting of a monomer mixture of the distillate in Example 22 and methyl acr- 
75 ylate (MA) (98:2 by weight) were added dimethyl 2,2'-azobis(2-methylpropionate) (Wako Pure Chemicals V-601 , purity: 
99 wt%) in a ratio of 1 .5 x 1 0' 5 mol / 1 mol monomer and n-octyl mercaptan (ELF ATOCHEM NORTH AMERICA INC, 
purity: 99.5 wt%) in a ratio of 1 .75 x 1 0" 3 mol / 1 mol monomer, and the mixture was continuously fed into a reactor for 
polymerization under the conditions of a polymerization temperature of 135 °C and an average residence time of 4 
hours to conduct polymerization in a similar manner as described in Example 1 . Then, the mixture was fed to a vented 
20 extruder for separating and removing volatiles to obtain a polymer pellet. With respect to the reaction mixture immedi- 
ately after taking out it from the reactor, a polymer and a diner contents were 44 wt% and 0.05 wt%, respectively. With 
respect to the polymer obtained after removing the volatiles from the reaction mixture, a residual monomer and a dimer 
contents were 0.1 wt% and 0.03 wt%, respectively. 

[0215] This polymer exhibited a weight average molecular weight (Mw) of 95,000 by gel permeation chromatogra- 
25 phy (GPC method) and a ratio of weight average molecular weight / number average molecular weight (Mw/Mn) was 
2.0. Thus, the polymer had a considerably narrow molecular weight distribution. 

[0216] A heating loss temperature determined with a thermobalance was 295°C and a glass transition point deter- 
mined with a differential scanning calorimeter was as high as 1 1 7°C, indicating that the polymer had good thermal prop- 
erties. With respect to the polymer, n-butyl mercaptan was quantitatively analyzed, but not detected. 

30 [0217] The polymer was fed as a starting material to a material inlet in an injection molding machine for molding 
under the conditions of a cylinder temperature of 250°C and a molding cycle of 30 sec, to provide 100 plates having 
dimensions of 110 mm x 1 1 0 mm x 5 mm. During the molding process, bad smell was not observed and there were no 
problems in terms of a work environment. The plates were macroscopicaJly observed for their coloring and coloring was 
not observed in comparison with a commercially available methacrylic resin molding material (Mitsubishi Rayon Co. 

35 Ltd.: Acrypet VH). 

[021 8] As described above, a methyl methacrylate polymer having adequately good optical properties and a plastic 
optical fiber having improved transmission performance can be prepared according to this invention. 
[0219] This invention can also provide an optical fiber, an optical fiber cable and an optical fiber cable with a plug 
having extremely lower transmission loss, which cannot be achieved according to the prior art Furthermore, this inven- 
40 tion can provide a process for readily manufacturing such an optical fiber. 
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200 


Initiator (A): dimethyl 2,2'-azobis(2-methylpropionate) 
Initiator (B): di-t-butyl peroxide 



Claims 

1. A process for manufacturing a methacrylate (co)polymer comprising conducting polymerization while feeding a 
so monomer (mixture) containing at least 90 wt% in total of at least one methacrylate monomer and a radical polym- 
erization initiator represented by formula (II) into a reactor, where an initiator concentration and a polymerization 
temperature satisfy a relationship represented by equations (1) to (4) and the polymerization temperature is not 
less than 1 1 0°C and riot more than 1 60 °C; 

55 In (A) £ 1 05.4 - 451 26/B (1) 

In (A) ss 2545.2/B - 15.82 (2) 
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In (A) s 225.9- 1 021 68.8/B (3) 
ln(A)s 1300.0/B-15.74 (4) 

5 wherein A is an initiator concentration (a molar ratio of the initiator / the monomer); B is a polymerization tempera- 

ture (°K); and In is a symbol for a natural logarithm; 

CH, CH. 

i ■• i 

CH,-C-N=N-C-CH, (ID 

I I 

COOR COOR 

20 wherein R is alkyl or fluoroalkyl. 

2. The process as claimed in Claim 1 , where an inert solvent is further fed to the reactor in the polymerization step 
and instead that the initiator concentration and the polymerization temperature satisfy the relationship represented 
by the above equations (1) to (4), the initiator concentration, the polymerization temperature and an inert solvent 
25 concentration satisfy a relationship represented by equations (5) to (8): 



30 



35 wherein A is an initiator concentration (a molar ratio of the initiator / the monomer); B is a polymerization tempera- 
ture (°K); C is the concentration of the inert solvent (the amount of the inert solvent (g) / the total amount of the mon- 
omer, the initiator, the chain transfer agent and the inert solvent fed into the reactor (g)); and In is a symbol for a 
natural logarithm. 

40 3. The process as claimed in Claim 1 , where the monomer (mixture) contains at least one monomer selected from the 
group consisting of methyl methacrylate, a fluoroalkyl methacrylate and benzyl methacrylate. 

4. The process as claimed in Claim 1 , where in the polymerization step, methyl methacrylate is used as one methacr- 
ylate monomer, the content of methyl methacrylate in the monomer (mixture) is at least 80 wt%, and the compound 
45 represented by formula (III) is used as a radical polymerization initiator: 



In {A x (1-C) 5 } a 1 05.4 - 451 26/B 


(5) 


In {A x (1-C) 5 } a 2545.2/B - 15.82 


(6) 


In {A x (1-C) 5 } e 225.9 - 102168.8/B 


(7) 


In {A x (1-C) 5 } a 1300.0/B - 15.74 


(8) 



CH, CH, 

I I 

CH,-C-N«N-C-CH t t 111 * 

I • I 

COOCH, COOCH, 
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5. The process as claimed in Claim 1 , further comprising a feeding step of feeding a reaction mixture taken out from 
the reactor to a devolatilization step and a devolatilization step of separating and removing volatiles from the reac- 

5 tion mixture. 

6. The process as claimed in Claim 4, further comprising a feeding step of feeding a reaction mixture taken out from 
the reactor to a devolatilization step and a devolatilization step of separating and removing volatiles from the reac- 
tion mixture. 

w 

7. The process as claimed in Claim 5, where in the polymerization step, the monomer (mixture) and the initiator are 
continuously fed to the reactor for bulk polymerization and in the feeding step, the reaction mixture is continuously 
fed from the reactor to the devolatilization step. 

15 8. The process as claimed in Claim 5, where a polymer content in the reaction mixture in the polymerization zone is 
30 wt% to 70 wt% both inclusive. 

9. The process as claimed in Claim 5, where in the polymerization step an alkyl mercaptan having 3 to 6 carbon atoms 
is further fed to the reactor for conducting polymerization. 

20 

10. The process as claimed in Claim 5, further comprising a volatile purification step, where the volatiles separated and 
removed in the devolatilization step are purified using a catalyst containing at least one element selected from the 
group of copper, cobalt, nickel and manganese in the presence of molecular oxygen and further in the presence of 
a compound containing at least chlorine. 

25 

11. A process for manufacturing an optical fiber comprising feeding the (co)polymer prepared by the process as 
claimed in Claim 5 and another polymer having a different refractive index to a multi-component spinning nozzle for 
spinning. 

30 12. A process for manufacturing an optical fiber comprising feeding at least two (co)polymers mutually different in a 
copolymer composition and in a refractive index prepared by the process as claimed in Claim 5 to a multi-compo- 
nent spinning nozzle for spinning by concentrically piling the polymers in a manner that a refractive index is reduced 
from the center toward the periphery. 

35 1 3. A process for manufacturing an optical fiber comprising feeding a core material comprising a (co)polymer prepared 
by the process as claimed in Claim 1 with other (co)potymer to a multi-component spinning nozzle for spinning by 
assembling a plurality of islands, where each of the islands has a core and the islands are separated from each 
other by other (co)polymer. 

40 1 4. An optical fiber comprising a core, where in a core material, a content of sulf ur atoms which are bound to a (copol- 
ymer is 200 ppm to 1 000 ppm both inclusive while a content of sulfur atoms which are not bound to the (co)polymer 
is 5 ppm or less. 

15. The optical fiber as claimed in Claim 14, where a content of sulfur atoms which are not bound to the (co)polymer is 
45 1 ppm or less. 

16. The optical fiber as claimed in Claim 14, where the (co)polymer in the core material has a molecular terminal struc- 
ture represented by formula (VI) derived from a radical initiator: 

50 
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CH, CH, 

I I 

H,C-C- (CH t -C— H (VI) 



10 COOR COOR 



wherein R is alkyl or fluoroalkyl and n is a natural number of 1 or more. 

15 

1 7. The optical fiber as claimed in Claim 1 4, where the core material comprises a homopolymer of methyl methacrylate 
or a copolymer of methyl methacrylate and other copolymerizable monomer. 

1 8. The optical fiber as claimed in Claim 1 7, where the (co)polymer in the core material has a molecular terminal struc- 
20 ture represented by formula (VII) derived from a radical initiator: 



CH, CH, 



H.C-C- (CHs-C-H (VII) 



COOCH, COOCH, 



wherein n is a natural number of 1 or more. 

35 

19. The optical fiber as claimed in Claim 14, where the core material comprises two or more (co)polymer whose copol- 
ymer composition and refractive index are mutually different, which are concentrically piled such that refractive indi- 
ces are sequentially reduced from the core center to the periphery. 

40 20. The optical fiber as claimed in Claim 19, where the core material is selected from the group consisting of a 
homopolymer of methyl methacrylate, a copolymer of methyl methacrylate and a fluoroalkyl methacrylate and a 
copolymer of methyl methacrylate and benzyl methacrylate. 

21 . The optical fiber as claimed in Claim 1 4, where there are assembled a plurality of islands, where each of the islands 
45 has a core and the islands are separated from each other by other (co)polymer. 

22. The optical fiber as claimed in Claim 1 9, where there are assembled a plurality of islands, where each of the islands 
has a core and the islands are separated from each other by other (co)polymer. 

so 23. An optical fiber cable comprising the optical fiber as claimed in Claim 1 4 and a coating layer on the outer surface 
of said optical fiber. 

24, An optical fiber cable with a plug comprising the optical fiber cable as claimed in Claim 23 and a plug being 
attached to an end of said optical fiber. 

55 

25. A process for manufacturing an optical fiber comprising the steps of: 

feeding a polymerization initiator, an alkyl mercaptan having 3 to 6 carbon atoms and a monomer or a mixture 
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of two or more monomers into a reactor to form a reaction mixture containing a (co)potymer; 

feeding the reaction mixture into a vent-type devolatilization extruder by directly spraying the mixture to a screw 

in an inlet in the vent-type devolatilization extruder under a reduced pressure through a small hole or slit for 

removing volatiles to provide a (co)polymer; and 

forming an optical fiber using the (co)polymeras a core material, 

where a feed rate of the reaction mixture to the vent-type devolatilization extruder and screw diameter and 
screw revolution speed in the vent-type devolatilization extruder satisfy the following relationship of equation 



wherein Q is a feed rate of the reaction mixture (L/hr); $ is a screw diameter (mm); and N is a screw revolution 
speed (rpm). 

26. The process as claimed in Claim 25, where one of the monomers fed into the reactor is methyl methacrylate. 

27. The process for manufacturing an optical fiber as claimed in Claim 1 7, comprising the steps of: 

feeding a polymerization initiator, an alkyl mercaptan having 3 to 6 carbon atoms and methyl methacrylate 
monomer or a mixture of methyl methacrylate and other copolymerizable monomer into a reactor to produce a 
reaction mixture containing a methyl methacrylate (co)polymer in 30 to 60 wt%; 

feeding the reaction mixture preheated to 1 70 to 205°C and compressed to a pressure equal to or higher than 
a vapor pressure of methyl methacrylate at the preheating temperature into a vent-type devolatilization 
extruder for removing volatiles to obtain a methyl methacrylate (co)polymer; and 
forming an optical fiber using the (co)polymer as a core material, 

where the reaction mixture is fed into a vent-type devolatilization extruder by directly spraying the mixture to a 
screw in an inlet in the vent-type devolatilization extruder under a reduced pressure through a small hole or a 
narrow slit; and at least in the most downstream vent of the vent-type devolatilization extruder, a temperature 
and a pressure are 230 to 270°C and 50 Torr or less, respectively. 



(9): 



0.002 x<(> 2 xVN 
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